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Molecular dynamics (MD) simulations employing embedded atom method potentials and ultrahigh
vacuum (UHV) experiments were carried out to study the mixing process between the Ni and Pt
atoms in the Ni/Pt(111) bimetallic system. The barrier for a Ni atom to diffuse from the top surface to
the subsurface layer is rather high (around 1.7 eV) as calculated using the nudged elastic band (NEB)
method. Analysis of the relaxation dynamics of the Ni atoms showed that they undergo diffusive
motion through a mechanism of correlated hops. At 600 K, all Ni atoms remain trapped on the top
surface due to large diffusion barriers. At 900 K, the majority of Ni atoms diffuse to the second
layer and at 1200 K diffusion to the bulk is observed. We also find that smaller Ni coverages and the
presence of Pt steps facilitate the Ni–Pt mixing. By simulated annealing simulations, we found that
in the mixed state, the Ni fraction oscillates between layers, with the second layer being Ni-richer at
equilibrium. The simulation results at multiple time scales are consistent with the experimental data.
© 2010 American Institute of Physics. [doi:10.1063/1.3512644]
I. INTRODUCTION
Bimetallic catalysts have gained considerable attention
for many catalytic applications, such as hydrocarbon reform-
ing and electrocatalysis, because they often exhibit improved
reactivity and selectivity compared to their parent metals.1–3
The unusual behavior of bimetallic catalysts has motivated ex-
tensive investigations on their potential applications as well as
on the origins of enhanced reactivity (for a recent review, see
Ref. 4). It is generally believed that the electronic and struc-
tural changes induced by the formation of bimetallic catalysts
are responsible for the changes in reactivity and selectivity.4, 5
However, there has been a limited number of studies on the
mechanism of bimetallic formation.
A Ni/Pt(111) bimetallic catalyst is typically prepared by
depositing Ni atoms on a clean Pt(111) surface under ultra-
high vacuum (UHV) conditions.6 Both submonolayer and one
monolayer (ML) Ni/Pt(111) bimetallic catalysts have been
studied experimentally. With the Ni layer in the subsurface,
this system exhibits excellent activity and selectivity in hy-
drogenation reactions, attributed to weaker bonding of the hy-
drogen on the metal.6–8 On the other hand, with the Ni layer
on the top layer, this bimetallic catalyst is active in ammonia
decomposition9 and oxygenate reforming.10 While the struc-
ture of bimetallic catalysts plays a crucial role in determining
the reactivity, our understanding of the structure and mixing
between two metals is limited. A notable study by Kitchin and
co-workers11 aimed at elucidating the surface morphology of
the Ni/Pt(111) system using scanning tunneling microscopy
(STM) and the origins of the weak metal–hydrogen bond-
ing using temperature programmed desorption (TPD). Even
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though the STM images provided useful information on the
growth of Ni films on the Pt(111) surface, they did not dis-
tinguish between Ni and Pt surface atoms. As a result, it is
unclear what the surface structure looks like.
Density-functional theory (DFT) calculations have been
carried out to study the stability of the Ni/Pt(111) bimetallic
system.12 However, most DFT studies of the full-monolayer
Ni/Pt(111) system assume that the Ni layer is either the top
one or the second one from the top (subsurface layer).12 Be-
cause of cell size limitations in DFT calculations, it is difficult
to capture the complex surface configurations of the material.
Furthermore, DFT calculations cannot account for tempera-
ture effects as they are carried out at 0 K. These should be im-
portant in determining the surface structure of the Ni/Pt(111)
catalyst, as STM and low-energy ion scattering spectroscopy
(LEIS) studies have revealed that the Ni atoms remain on the
Pt(111) surface at 300 K, but many of them diffuse into the
bulk at 600 K.11
In order to understand the catalytic properties of the
Ni/Pt(111) bimetallic catalyst, it is essential that we eluci-
date its surface structure and how it is affected, and ulti-
mately determined, by factors such as temperature and Ni
coverage, or by the topology of the Pt surface, like, for exam-
ple, the presence of steps. These questions define the scope
of the present computational study. Because of the multi-
ple time scales present in the system, and thereby the pos-
sibility of trapping in long-lived metastable states, in this
work we have used a number of computational tools. We
have employed molecular dynamics (MD) to investigate the
stability of an epitaxially deposited Ni layer on a Pt(111)
substrate and to explore the relaxation dynamics. We have
also performed simulated annealing simulations to ascertain
whether the equilibrium state is characterized by complete
mixing. In addition, we carried out nudged elastic band (NEB)
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calculations to explore the potential energy landscape, with
emphasis on the diffusion of Ni out of the surface layer and
on estimating the energy barriers associated with such dif-
fusive motion. The computational findings are compared to
UHV experiments conducted on the 1 ML Ni/Pt(111) system
and to structure data available in the literature.
II. METHODS
A. Computational
The MD simulations were performed in the NVT ensem-
ble using the large-scale atomic molecular massively parallel
simulator (LAMMPS).13 The force field was modeled with
the embedded atom method (EAM),14 which has been shown
to be successful at describing the surface and bulk proper-
ties, such as surface relaxation and reconstruction, of met-





Fi (ρi ) + 12
N∑
i, j,i = j
φi j (ri j ), (1)
where i and j denote atoms. ρi denotes the background elec-
tron density at the position of atom i due to the electron densi-
ties of all other atoms, and is made up of additive, individual
contributions which depend on the separation distance, ri j ,




g j (ri j ). (2)
Here, g j (ri j ) is the individual contribution of atom j to the
electron density of atom i . In Eq. (1), Fi (ρi ) represents the
embedding (attractive) energy of atom i into the background
electron density ρi ; and φi j (ri j ) represents the core–core (re-
pulsive) pair interaction between atoms i and j .
We modeled the Ni/Pt(111) system as a ten-layer slab
containing nine layers of Pt and one layer of Ni (at different
coverages). The bottom Pt layer was fixed at its bulk lattice
geometry and periodic boundary conditions were enforced in
the x-direction and y-direction. For the system with 1 ML Ni
coverage, a starting configuration was constructed by plac-
ing the Ni atoms on top of the Pt(111) surface in a Pt-lattice
geometry (lattice constant 3.92 Å). For the systems with a
submonolayer Ni coverage, initial configurations were cre-
ated by placing the Ni atoms at randomly selected fcc sites of
the Pt(111) surface. The simulation cell dimensions were 2.77
nm × 2.88 nm, in the xy-plane, with each layer containing
120 atoms, for a total of 1200 atoms for the 1 ML Ni/Pt(111)
system. The size of the simulation box was sufficient to elim-
inate periodic boundary conditions effects, as the interactions
that make up the EAM force field are short-ranged. We have
also tested a much larger cell size (8.32 nm × 8.64 nm),
with each layer containing 1080 atoms, and indeed found that
our results and conclusions were unaffected. The equations
of motion were solved using the velocity Verlet algorithm,17
and a time step of 1 femtosecond (fs) was sufficient to elimi-
nate drifts in the total energy of the system. The system was
coupled to a Nosé-Hoover thermostat with relaxation time
0.5 picosecond (ps).
The NEB (Ref. 18) calculations were run using the
DL_Poly 2.19 simulation package.19 In all these calculations
the initial and final structures were optimized by running
DL_Poly’s programed optimization which involves both MD
and conjugate gradients. The temperature was set to 1 K and
the objective was to minimize energy with a tolerance of
0.0001 in DL_Poly units (≈10−8 eV). The sequences of con-
figurations used in the NEB calculations were constructed so
that they closely follow pathways observed during the course
of molecular dynamics simulations. The NEB results, com-
bined with classical transition state theory (TST), can provide
crude estimates of time scales to compare with both MD sim-
ulations and experimental data.
In order to explore the equilibrium structures, we have
performed simulated annealing calculations according to the
following protocol: heating up to 1800 K and then cool-
ing down to 900 K at a rate of 1 K per 1000 steps (i.e.,
1012 K/s). The results of these simulations may be thought
of as being the very long time scale dynamics. All three tech-
niques combined with the experiments provide information at
various time scales.
B. Experimental
Experiments were performed to support the compu-
tational findings. In these experiments, Ni was deposited
through physical vapor deposition onto a Pt(111) crystal. The
surface is experimentally analogous to the Ni/Pt(111) surface
studied in the MD simulations. In these experiments, a two-
level stainless steel ultrahigh vacuum (UHV) chamber with
an Auger electron spectrometer (AES) was used. The typi-
cal base pressure was below 5 × 10−10 Torr. The bimetallic
surface was created by depositing Ni onto a Pt(111) crys-
tal of 99.999% purity (Princeton Scientific Corp.). Before
each experiment, the Pt(111) surface was cleaned with several
Ne+ sputter cycles, followed by 10 Langmuir (1 Langmuir
(L) = 1×10−6 Torr s) oxygen to burn off any surface carbon.
The crystal was then annealed at 1100 K for 5 min. This pro-
cedure was repeated until impurities were below the detection
limit of AES. Ni was then deposited through physical vapor
deposition onto the freshly cleaned surface. This was achieved
by wrapping a Ni wire of 99.994% purity (Alfa Aesar) around
a tungsten filament which was then resistively heated to a
temperature above the vaporization point of Ni. The deposi-
tion of Ni was performed at 300 K, to kinetically trap the Ni
atoms on the surface layer and create a surface similar to the
starting surface in the MD simulations. The Auger Ni(849) to
Pt(241 eV) peak ratio required to create 1 ML Ni was calcu-
lated using the method and inelastic mean free path values in
Ref. 20, resulting in a value of 1.8. Ni was deposited until an
Auger ratio of approximately 1.8 was achieved. After the sur-
face was created at 300 K, the Ni/Pt(111) surface was flashed
to 600 K, 700 K, 800 K, or 900 K at a heating rate of 6 K/s
and then cooled to 500 K to take an Auger scan. The surface
was then heated and held at the same temperature for approx-
imately 20 min, with Auger scans taken from every 30 s to
5 min (the sample was cooled to 500 K for the Auger scans).
Auger ratio values smaller than 1.8 would indicate that Ni
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FIG. 1. The lattice mismatch between Ni and Pt results in the surface Ni atoms rearranging and creating defects or “holes” on the surface of the Pt catalyst as
shown in configuration 1. A Pt atom migrates from the subsurface to the open holes on the top surface creating a vacancy in the first Pt layer (configuration 2).
This process has an energy barrier of 3.4 eV. Subsequently, this vacancy can be filled by a Ni atom that hops from the surface to the first layer (configuration 3).
The energy barrier of the latter process is 1.9 eV.
atoms on the top surface have diffused into the subsurface
or bulk.
III. RESULTS AND DISCUSSION
A. NEB calculations
In order to estimate the energy barriers for Ni to diffuse
from the top surface into the subsurface, we have carried out
NEB calculations by considering three plausible mechanisms,
each consisting of a number of elementary moves. We com-
pute the potential energy profile along a minimum energy path
connecting two, at the very least metastable, basins and pass-
ing through a saddle point in the potential energy surface. The
path is parameterized by the arc length along it. The initial, or
“reactant” state, is an energy-optimized configuration of the
1 ML Ni/Pt(111) system. The final, or “product” state, is one
where a surface Ni atom has diffused from the surface to the
second layer. Figure 1 shows the energy profile of one such
path. Because of the lattice mismatch between Ni and Pt, op-
timization of the initial state results in the surface Ni atoms
rearranging and creating defects or “holes” on the surface of
the Pt catalyst (see configuration 1 in Fig. 1). The vacancies
thus created on the Ni monolayer can “attract” Pt atoms from
the first Pt layer. Because the Pt–Pt pairwise interaction in
the EAM force field is stronger than the Ni–Pt one, by about
3 eV, the Pt atom has to overcome a substantial barrier of
Ea = 3.4 eV to get to the surface. Such high diffusion bar-
riers make it an improbable pathway for Ni diffusion at tem-
peratures below 1000 K (Ea ≈ 36 kBT at T = 1000 K). This
move creates a vacancy in the Pt layer (configuration 2) which
can be filled by a Ni atom that hops down to the subsurface
(configuration 3). The Ni atom has to surmount a 1.9 eV bar-
rier to occupy that vacancy.
An alternative route for the Ni diffusion to the first Pt
layer is shown in Fig. 2. In the first step, a Pt atom close to
the left edge of the “hole” enters the surface layer. The en-
ergy barrier for this process, 1.7 eV, is much smaller than
that for the transition between configurations 1 and 2 in
Fig. 1 (3.4 eV). The reason is that in the current situation, the
Pt atom is more exposed to the surface, and thus, has more
space to move about and transition to the surface. Moreover,
in the current case, the moving Pt atom has fewer immediate
Ni neighbors, and thus, a lower energy cost is required to dis-
place it. As a result of this transition, a vacancy is formed in
the Pt layer. Subsequently, this vacancy diffuses to the right,
when a Pt atom hops in the opposite direction overcoming
a barrier of 1.1 eV (transition between configurations 1 and
2 in Fig. 2). Finally, a Ni atom from the surface monolayer
fills this new vacancy; the energy barrier for this process is
1.9 eV. Note that the final state (configuration 3) looks like
configuration 3 of Fig. 1.
The defects created in the surface layer of Ni undergo
continuous rearrangements, and that process appears to facil-
itate Ni diffusion in the second layer, as shown in Fig. 3. Here
we see that a Ni atom on the edge of the “hole” can hop to a
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FIG. 2. Alternative route for the Ni diffusion to the 1st Pt layer: in the first step, a Pt atom close to the right edge of the “hole” enters the surface layer.
Subsequently, a vacancy is formed in the first Pt layer, which diffuses to the right when a Pt atom hops in the opposite direction overcoming a barrier of 1.1 eV
(transition between configurations 2 and 3). Finally, a Ni atom from the surface monolayer fills this vacancy. The final configuration looks like configuration 3
of Fig. 1.
FIG. 3. The defects created in the surface layer of Ni undergo continuous rearrangements, which can facilitate Ni diffusion in the second layer. A Ni atom on
the edge of the “hole” can hop to a neighboring position (configurations 1 and 2) by overcoming an energy barrier of 0.9 eV. A subsequent hop of another Ni
atom can create a vacancy in the Ni rich area of the monolayer (configuration 3). The vacancy is now surrounded by six Ni atoms and can attract a Pt atom from
the first layer to the surface with a barrier of 1.7 eV. A Ni atom subsequently hops to the created vacancy with an energy barrier of 1.4 eV.
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FIG. 4. Top views of the equilibrium Ni/Pt(111) structures after 30 ns MD simulation at constant temperature. (a) 1 ML at 900 K, (b) 1 ML at 1200 K, and
(c) 1/2 ML at 900 K. Brown balls represent Ni atoms and white represent Pt atoms.
neighboring position (configurations 1 and 2) by overcoming
a relatively low energy barrier of 0.9 eV. A subsequent hop of
another Ni atom can create a vacancy in the Ni-rich area of the
monolayer (configuration 3). The vacancy is now surrounded
by six Ni atoms and can “attract” a Pt atom from the first Pt
layer to the surface with a barrier of 1.7 eV. A neighboring
surface Ni atom, with enough energy to overcome the 1.4 eV
barrier, may subsequently hop into the newly created vacancy
in the Pt layer. This mechanism, which involves correlated
hops of Ni atoms, has a maximum barrier of 1.7 eV, thereby
constitutes a more probable path compared to the previous
two. Based on this barrier and employing classical transition
state theory (TST), we estimate the time scale of Ni diffusion
to be around 3 min at 600 K and around 2 μs at 900 K. These
values compare well with the experimental data shown later,
which show timescales of the order of minutes at 600 K and
shorter than a second at 900 K.
While the pathways studied are not exhaustive of what
may happen in an actual system, the three mechanisms pre-
sented above suggest that the elementary steps associated with
the mixing process between Ni and Pt involve: the formation
of defects of “holes” in the Ni monolayer; the subsequent dis-
placement of Pt atoms from the subsurface and the formation
of vacancies therein; and finally the migration of Ni atoms to
fill them. Direct diffusion mechanisms entail quite high acti-
vation barriers, whereas vacancy creation carries a relatively
smaller energetic cost when it involves the correlated motion
of a number of Ni atoms. Later, we will demonstrate by means
of the van Hove correlation function on MD trajectories that
Ni diffusion does indeed take place via a correlated hopping
mechanism.
B. MOLECULAR DYNAMICS (MD) SIMULATIONS
1. Ni layer stability versus temperature
In this section, we focus on characterizing the metastable
and stable states after Ni and Pt have been mixed at various
temperatures. We have used MD to investigate the behavior
of the Ni layer at various temperatures. Specifically, and on
account of the activation barriers that we obtained from the
NEB calculations, we have considered temperatures within
the range of 900–1300 K. At lower temperatures, e.g., 600 K,
and a full Ni monolayer, the MD trajectories have shown no
Ni diffusion into the subsurface. That was anticipated, as the
system gets trapped in long-lived, metastable basins of the po-
tential energy surface and low-temperature escape from such
states of metastability cannot be captured by ns-long MD
trajectories.
At elevated temperatures, 30-ns long trajectories show
that the Ni atoms diffuse to the subsurface, but we do
not observe any diffusion into the bulk of the catalyst. At
T = 900 K [Fig. 4(a)], a few Ni atoms (less than 7%) dif-
fuse to the subsurface layer, while those that remain on the
surface reorganize to conform to the Ni lattice constant, cre-
ating a hole that exposes the Pt of the subsurface layer. At
the higher temperature of T =1200 K [Fig. 4(b)], the popula-
tion of Ni atoms in the subsurface layer increases, as a lot of
them have enough thermal energy to overcome the diffusion
barrier—but apparently not enough to further migrate into the
bulk.
Figure 5 shows the coordination numbers (CN) for the
atom pairs Pt–Pt, Pt–Ni, Ni–Pt and Ni–Ni at four different
temperatures. At T = 900 K, the coordination numbers for
Ni–Pt and Ni–Ni, out to a radius of 3 Å, are about 3 and 5,
respectively. The former is a result of the fact that most of
the Ni stays at the surface and, on average, has three Pt near-
est neighbors, all in the second layer. For the Ni–Ni pair, a
Ni atom should be coordinated with six Ni atoms in a per-
fect layer. The actual average coordination number of 5, that
we compute here is the result of the holes that form on the
surface as the Ni atoms reorganize to conform to their own
lattice, whose constant is about 10% smaller than that of Pt.
As the temperature increases, and as we can see from Figs.
5(b)–5(d), the Pt coordination around Ni (labeled as Ni–Pt)
increases, while that of Ni around Ni (labeled as Ni–Ni) de-
creases. This is because Ni atoms, originally on the surface
layer, diffuse into the subsurface.
The temperature effects on the structure of the bimetal-
lic can be more clearly seen from the time evolution of the
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FIG. 5. Coordination numbers (CN) of Pt–Pt, Pt–Ni, Ni–Pt, and Ni–Ni in the 1 ML Ni/Pt(111) system at 900 K (a), 1000 K (b), 1100 K (c), 1200 K (d). The
coordination number for Pt–Pt in pure Pt bulk is also shown for comparison purposes.
Ni–Ni and Ni–Pt coordination numbers along the entire MD
trajectory, namely, including the equilibration period. These
time series are shown in Figures 6(a) and 6(b), for T = 900 K
and T = 1200 K, respectively. In essence, we follow the re-
laxation of the system from a state that corresponds to the
preparation of the bimetallic in the laboratory. At 900 K, we
observe practically no changes for the duration of the tra-
jectory. However, at 1200 K, the Ni–Ni coordination quickly
drops to around 3.5, after about 10 ns, while the Ni–Pt coor-
dination increases to over six, after about 15 ns. The coordi-
nation numbers then reach a plateau, indicating a metastable
state has been reached, as we will discuss later. Based on the
estimated time scales from the NEB calculations, it is clear
that at higher temperatures (e.g., 1200 K), thermal fluctua-
tions “open up” the structure and create lower diffusion barri-
ers that allow some mixing of Ni and Pt at ns time scale.
FIG. 6. Time evolution of Ni–Ni and Ni–Pt coordination number at 3 Å. (a) 900 K and (b) 1200 K. 3 Å is the distance chosen to include all the first nearest
neighbors when counting CN.
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FIG. 7. Self part of the van Hove correlation function (Gs (r , t)) for the Ni atoms as a function of r graphed at different times t , for T = 1200 and 1300 K.
Some curves are in color for visual aid.
2. Ni diffusion mechanism
Analysis of the NEB calculations suggested that Ni diffu-
sion via correlated hops entails a lower energetic cost. To fur-
ther investigate the relaxation of the Ni atoms, it is of interest
to examine the temporal evolution of the probability to find a
Ni atom some distance, say r , away from a space point it oc-
cupied at an earlier time. This is formally given by the self (or
incoherent) part of the van Hove correlation function.21 For
classical systems, the van Hove correlation function is given
by the ensemble average








δ(r + ri (0) − r j (t))
〉
, (3)
where N is the number of particles, r denotes position vector
and δ(x) is the Dirac δ-function. The self part of the correlator,
Gs(r , t), which we analyze for the Ni atoms, is given by the
diagonal terms (i = j) in the summation. It is worth mention-
ing that the second moment of the probability density Gs(r , t)
gives us the mean square displacement, 〈|r (t) − r (0)|2〉, of the
Ni atoms.
In Fig. 7 we graph the probability Gs(r, t)r2dr for the Ni
atoms at 1200 and 1300 K. For simple diffusive motion, the
probability Gs(r, t)r2dr should be a unimodal, bell-shaped
curve which, with time, should become flatter. In fact, at very
short times (the so-called ballistic regime), its center should
shift to larger r like ∝ t , while at times longer than the charac-
teristic time scale for microscopic relaxation the center should
move to the right like ∝ √t . For both temperatures consid-
ered in the figure, we see that at short times (t < 5 ps) the
probability is unimodal with a slowly shifting center. In fact,
at the lower temperature of 1200 K, we observe that the shift
is somewhat slower than at 1300 K. Thus, at such short times,
the Ni atoms oscillate about their equilibrium positions and
not much else is happening. Soon, however, the probability
begins to develop a second peak, roughly 2.2 Å away from the
main one; at t ≈ 75 ps, it is clearly bimodal. The main peak,
at short r , decreases in amplitude—as it should because of
particle conservation—but, interestingly, it does not shift out-
ward. This structure of the Gs(r , t) signifies that Ni diffuses
via a mechanism of correlated hops. The very weak time de-
pendence of the location of the peak at short r reveals a “cage
effect”, i.e., the particles are trapped by their neighbors and
oscillate about their positions. With time, however, a trapped
Ni atom does not quite escape from the “cage” but rather it
hops to the position of one of its nearest neighbors in a highly
correlated fashion. At longer times, we see that Gs(r , t) de-
velops more structure, namely, new peaks appear at large r ,
albeit broader and less intense. We should note that this diffu-
sive motion by correlated hops persists at lower Ni coverages.
3. Equilibrium structures from simulated annealing
Clearly, the Ni layer is not stable and diffusion into the
subsurface occurs on the nanosecond time scale. The system,
however, appears trapped in that state with no further Ni mi-
gration into the bulk taking place. The NEB calculations and
the analysis of the van Hove correlation function have re-
vealed that Ni diffusion happens by correlated hops involving
its neighbors and requiring the formation of vacancies. Thus,
one should expect higher barriers for diffusion in the bulk,
and time scales not accessible by constant temperature MD
trajectories.
In Fig. 8, we show the structure obtained from simulated
annealing simulations. (Similar structures, not shown here,
FIG. 8. Top and side views of the equilibrium structure of 1 ML Ni/Pt(111)
at 900 K obtained by simulated annealing.
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FIG. 9. (a) Radial distribution function (RDF) and (b) coordination number (CN) for the equilibrated 1 ML Ni/Pt(111) at 900 K obtained by simulated
annealing. RDF and CN of pure Pt bulk at 300 K are also plotted for comparison.
are obtained at lower temperatures too.) About 10% of the
Ni atoms remain on the surface, as seen in the top-view panel
in Fig. 8(a). The rest diffuse into the bulk of Pt and associate
mostly with Pt atoms, as suggested by the side-view panel
in Fig. 8(b). Although some Ni dimers and trimers exist, it
seems that the Ni atoms tend to avoid each other, leading to a
fairly uniform distribution, probably to maximize the config-
urational entropy.
Figure 9(a) shows the radial distribution functions (RDF)
for the atom pairs Pt–Pt, Pt–Ni, Ni–Pt, and Ni–Ni in the
1 ML Ni/Pt(111) system; the Pt–Pt RDF of a pure Pt slab at
300 K has also been included for comparison. Characteristic
fcc peaks are present in all the RDFs that we show here. In
particular, we notice that the Ni–Ni, Ni–Pt, and Pt–Ni RDF
have peaks at the same locations, indicating that Ni and Pt
form a disordered, fcc-solid solution. This is consistent with
the Ni–Pt phase diagram,22, 23 at T = 900 K and the Ni/Pt ra-
tio considered here, namely, 88.9% Pt (excluding the bottom
Pt layer, which was kept frozen during the simulations). Sim-
ulations with different Ni initial configurations led to a similar
disordered, fcc-solid solution. We also see that the main peak
of the Pt–Pt RDF, located at 2.80 Å, has a shoulder at 2.70 Å.
The peak at 2.80 Å is also present in the Pt–Pt RDF for a
pure Pt slab, corresponding to the Pt lattice constant of 3.92
Å. The shoulder at 2.70 Å is due to the Ni–Pt lattice mis-
match and reveals that some Pt atoms readjust their positions
in order to conform to the Ni lattice constant. This is also ev-
idenced by the fact that the main peak in the Ni–Ni RDF is
located at ∼2.70 Å. The corresponding coordination numbers
are shown in Fig. 9(b). From the Ni–Ni RDF, we find that, on
average, each Ni atom has only ∼0.5 Ni nearest neighbors,
clearly showing that Ni is well dispersed in Pt. This is further
confirmed by the fact that, beyond the 3 Å radius, the coordi-
nation numbers for the atom pairs Pt–Pt, Pt–Ni, and Ni–Pt are
practically the same.
In Fig. 10 we plot the percentage of Ni in each layer. In-
terestingly, the Ni concentration oscillates from one layer to
the other. Although the majority of the Ni atoms diffuse into
the Pt bulk, a small amount (≈10%) of Ni remains at the sur-
face. This is consistent with conclusions drawn from the anal-
ysis of STM images, LEIS and AES ratio measurements for
1 ML Ni on Pt(111).11 Furthermore, we see that the Ni con-
centration in the second layer (subsurface) is as high as 21%,
almost double of that in the first layer. Similar Ni enrichment
of the subsurface has been observed using Monte Carlo simu-
lations of Pt50Ni50.24 Pt enrichment of the top surface and Ni
enrichment of the subsurface have also been experimentally
observed for the Pt3Ni(111) catalyst.25, 26 A possible explana-
tion for this behavior is that Pt has a lower surface energy than
Ni.27, 28
4. Coverage effects
As we have already pointed out, at 1 ML Ni coverage
and T = 900 K, only a small fraction of Ni atoms diffuse to
the subsurface in 30 ns [see Fig. 4(a)]. In contrast, at the same
temperature, more facile Ni diffusion to the subsurface occurs
when the coverage of Ni is reduced to 1/2 ML, as shown in
Figure 4(c). This is because, in the 1/2 ML case, there is more
open space for the exchange between a Pt atom in the subsur-
face and a Ni atom at the top surface. For a Ni atom to take
FIG. 10. Percentage of Ni in each layer after the Ni/Pt(111) is equilibrated
through simulated annealing. The layer number is indexed from top surface
and the bottom layer is not shown since it is frozen.
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FIG. 11. MD simulated equilibrium structure for 0.25 ML Ni on stepped Pt(111) at 600 K. Mixing between Ni and Pt is observed along the Pt step edge.
the place of a Pt atom in the subsurface layer, a vacancy must
first form. In the absence of full Ni monolayer, a Pt atom can
easily move up a level, thus creating the necessary vacancy
to be occupied by the migrating Ni atom. In other words,
the effective barrier for this to occur is lower at 1/2 ML than
at 1 ML.
For coverages higher than 1 ML, Ni and Pt do not mix
at all at 900 K. At 1 ML, we have seen that the Ni–Pt lattice
mismatch leads to the formation of surface vacancies which
expose the subsurface Pt [see Fig. 4(a)]. At 2 ML Ni cover-
age, these vacancies are filled with Ni atoms from the second
(upper) Ni layer (picture not shown). This effectively closes
the available diffusion channels. At higher temperatures, mix-
ing between Ni and Pt takes place at 2 or even 3 ML
coverages.
5. Step effects
At submonolayer coverage, some mixing between the Ni
and Pt atoms in the Ni/Pt(111) takes place at 900 K, but at
600 K no mixing was observed for 1/2 ML Ni/Pt(111) during
a 30-ns MD simulation. Kitchin et al. have observed that Ni
atoms deposited at 300 K remain on the Pt(111) surface but
diffuse into the Pt bulk at 600 K.11 On the other hand, Gam-
bardella and Kern have observed that Ni can still exchange
with Pt, even at temperatures lower than 300 K, when Ni is
deposited to vicinal Pt(111).29 This suggests that the presence
of steps can facilitate mixing. In order to test this hypothesis,
we created a Pt step, by removing half of the top Pt layer, and
then randomly deposited 0.25 ML of Ni atoms on the stepped
Pt(111) surface. In order to minimize periodic-boundary ef-
fects, and thus, the interaction between steps, we increased
the simulation box size to 8.32 nm × 8.64 nm. As shown in
Fig. 11, Ni atoms on a terrace do not mix with Pt, but in-
stead prefer to form nanoparticles. However, Ni atoms along
the edges of the Pt steps start mixing with Pt. This is probably
because the Pt atoms along the step edge are undercoordi-
nated, and thus, not so strongly bound. Hence, it is easier for
them to diffuse away to give way to Ni atoms. This finding is
in agreement with the mechanism proposed by Gambardella
and Kern29 to describe the kinetically-limited exchange be-
tween Ni and Pt along step edges.
C. Comparison between experiments and simulations
In order to compare the overall trends found in simula-
tions, we performed a series of experiments at various tem-
peratures after preparing the 1 ML Ni/Pt(111) system to char-
acterize the amount of Ni left on the surface using AES. Ap-
proximately, 1 ML Ni corresponds to an Auger ratio of around
1.8 as calculated by the method of Cumpson and Seah.20, 30
As shown in Fig. 12, after flashing the Ni/Pt(111) surface
to 600 K, the Auger ratio decreased to approximately 1.3 and
further decreased to 1.2 after 10 min. If a structure is assumed,
a theoretical Auger ratio can be calculated. For a Ni metal
layer in the subsurface configuration (a layer of Pt, with a
layer of Ni underneath it and a Pt bulk), the theoretical Auger
ratio can be calculated as31
INi
IPt
= SNi[1 − f (Ni, Ni)] f (Pt, Ni)
SPt[ f (Ni, Pt) f (Pt, Pt) + 1 − f (Pt, Pt)] , (4)
where f (M1, M2) = exp[−dM1/λM1 (EM2 ) cos θ ], S is the sen-
sitivity, d is the effective thickness, λ(EM) is the mean free
path of the Auger electron with energy E through metal M ,
and cos θ is a term introduced to account for the solid accep-
tance angle of the cylindrical mirror analyzer (CMA), which
is 42.3◦ for the single-pass CMA used in this work. The cal-
culated Auger ratio for Ni subsurface configuration is 1.4. At
FIG. 12. Time evolution of the Auger ratio (Ni/Pt) for 1 ML Ni/Pt(111)
bimetallic catalyst at various temperatures. Approximately 1 ML Ni corre-
sponds to an Auger ratio of around 1.8, and smaller values in Auger ratio
indicate diffusion of Ni atoms to the subsurface or even the Pt bulk.
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600 K, a layer of Ni in the second layer is consistent with
the experimental results, although is not conclusive, since the
Auger technique is sensitive up to approximately 30 Å, with
higher sensitivity in the top most layers. Although the tem-
peratures in experiments are around 300 K lower than those
in MD simulations to observe the onset of mixing, the re-
sults are consistent with the MD findings of a system with
a metastable state where the Ni atoms reside in the second
layer, sandwiched by a Pt rich surface layer and the Pt bulk
[see Fig. 4(b)].
After initially flashing the surface to 700 K, the Auger ra-
tio decreases to 1.0 and further decreases to 0.8 after 20 min.
This is below the value for 1 ML of Ni in the second layer and
appears that some Ni stays in the second layer, while some
also diffuses into the bulk. The initial drop after flashing the
temperature to 800 K is from 1.8 to 0.8 and the Auger ratio
continues to decrease to 0.3 over the 20 min interval. It is clear
that Ni atoms are no longer trapped in the metastable second
layer, but are now diffusing into the bulk. At 900 K, the Ni
signal is below the detection limit of AES within 30 seconds,
indicating Ni rapidly diffuses into the bulk. From the simu-
lated annealing calculations, there is an even distribution of
Ni in all layers, except the second layer is Ni rich. This is not
seen in the 900 K case because there is an infinite number
of bulk layers, and the Ni fraction in each layer approaches
zero when heated. At 600–800 K, some mixing happens at
time scales shorter than a second that cannot be resolved ex-
perimentally. This first transient regime is followed by mix-
ing over a slower (minute) time scale. At higher temperatures
(e.g., 900 K), mixing is complete at very short (unresolved)
time scales.
The above comparison demonstrates that temperature
indeed plays a critical role in determining how Ni and Pt mix:
the Ni atoms remain at the top surface at low temperatures,
while at intermediate temperatures they diffuse into the
subsurface layer and remain trapped for a long period of
time; diffusion all the way into the bulk to reach low-lying
energy basins occurs only at high temperatures. Exact match
in temperatures between these experiments, on the scale of
minutes, and the MD simulations, on the scale of nanosecond,
is currently very challenging. Nevertheless, the relative trends
of the temperature effects from experiment and simulation
agree well.
IV. CONCLUSIONS
We have studied the mixing of Ni and Pt in the Ni/Pt(111)
bimetallic surfaces by molecular simulation employing em-
bedded atom method potentials. We used a variety of
computational tools as well as UHV experiments to probe
different time scales. We have seen that Ni diffusion from
the top surface to the subsurface layer is kinetically unlikely
unless open structures form and more concerted mechanisms
are explored. This was suggested by analysis of the energy
landsacape via NEB calculations and verified by analyzing
the Ni relaxation dynamics by computing the van Hove corre-
lation function, which revealed that Ni diffusion happens via
a correlated hopping mechanism. MD simulations up to 30 ns
showed that higher temperatures, smaller Ni coverages and Pt
steps facilitate mixing between Ni and Pt. At low tempera-
tures, all Ni atoms remain trapped on the top surface due to
large diffusion barriers and possibly significant energy dissi-
pation through the long-wavelength Pt acoustic phonons. At
intermediate temperatures, the majority of Ni atoms diffuse
into the second layer, forming a subsurface configuration. At
high enough temperatures, Ni atoms diffuse into the Pt bulk
and reach equilibrium, consistent with the simulated anneal-
ing calculations.
Overall, mixing entails multiple time scales: at short
times, mixing from the top layer to the second layer occurs
by overcoming fairly large barriers via correlated hopping
mechanisms. This leads to metastable structures with Ni be-
ing present in both layers. Further mixing in deeper layers
involves even higher barriers and requires much longer time
scales than those accessible via MD simulations at typical
temperatures. Under these conditions, Ni is present in all lay-
ers with a Ni-enrichment in the second layer.
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